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Abstract. This paper presents models and algorithms for real-time 4-Dimensional Flight Trajectory 
(4DT) operations in next generation Communications, Navigation, Surveillance/Air Traffic 
Management (CNS/ATM) systems. In particular, the models are employed for multi-objective 
optimisation of 4DT intents in ground-based 4DT Planning, Negotiation and Validation (4-PNV) 
systems and in airborne Next Generation Flight Management Systems (NG-FMS). The assumed 
timeframe convention for offline and online air traffic operations is introduced and discussed. The 
adopted formulation of the multi-objective 4DT optimisation problem includes a number of 
environmental objectives and operational constraints. In particular, the paper describes a real-time 
multi-objective optimisation algorithm and the generalised expression of the cost function adopted 
for penalties associated with specific airspace volumes, accounting for weather models, 
condensation trails models and noise models. 
Introduction 
In order to progress towards a more sustainable aviation, it is of paramount importance to attain 
increasingly higher environmental and economic performances, evolving both the design, the 
operation and the auxiliary tasks, such as support and disposal, with a holistic approach. While the 
design of a single aircraft, of its components and of its reference mission can directly incorporate a 
significant number of scientific and technological outcomes, an essential consideration has to be 
given to its operation in the real traffic scenario. The Communication, Navigation, Surveillance and 
Air Traffic Management (CNS/ATM) and Avionics (CNS+A) domain is the essential link to 
ultimately enact the various improvements offered by new technologies and concepts in the 
operational context. It is envisaged that the adoption of 4-Dimensional Trajectory (4DT) concepts in 
conjunction with an increased use of automation and air-to-ground data-link communications in an 
Intent-Based Operations (IBO) context will provide the most significant benefits [1]. In this 
perspective, ongoing research has proposed the introduction of novel ground-based CNS/ATM 
systems that, in conjunction with airborne avionics, will enable IBO [2-5]. In line with this research 
path, we propose the introduction of a ground-based 4DT Planning, Negotiation and Validation (4-
PNV) system that, together with airborne Next-Generation Flight Management Systems (NG-FMS) 
enables optimised 4DT intent generation, negotiation and validation in real-time [6, 7]. The 
optimisation of 4DT intents is one of the most promising and growing applications in the CNS+A 
context. Historically, flight planning was performed in a sort of pattern search between the available 
airways; subsequently, an optimal cruise level was calculated, and finally the vertical profiles for 
climb and descent were determined. As a matter of fact, although the optimisation of flight 
trajectories has been extensively studied, substantial potential benefits are left unattained due to the 
limited modelling of the system dynamics [8]. The inability to predictively handle the highly 
dynamic nature and uncertainties in real-time results in overall system inefficiencies. Therefore, the 
substantial dynamicity of the system has to be fully considered and implemented in all required IBO 
models and software tools. 
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Operational Timeframes 
A large number of aspects in ATM are affected by uncertainties whose effects are integrated 
over time. Since the involved dynamics are often non-deterministic in nature, it is convenient to 
adopt a reference timeframe convention and formulate different optimisation problems, specifically 
tailored for each timeframe. The timeframe definition should be governed both by the numerical 
considerations and by operational motivations. From the numerical perspective, similarly governing 
dynamics and uncertainties of comparable magnitudes are requirements for a well-posed 
mathematical problem and hence good numerical performances. From the operational perspective, 
timeframe conventions that are already familiar or easily assimilated by the human operators are 
essential for the rapid and faultless deployment of new technologies. Based on these general 
principles, the first key distinction is between the online phase, when the air transportation mission 
is active, and the offline phase, when the mission is inactive. In the most recent terminology, ground 
operations form part of the online phase as well, as far as including payload boarding and 
disembarkation phases. In fact, variations in the ground timings are significantly propagated to the 
airborne phase. This heavy interdependence promote the formulation of a seamless gate-to-gate 
optimisation problem [9]. A subsequent timeframe distinction is based on the timespan before the 
occurrence of an unpredicted event affecting air traffic operations. Such unpredicted events would 
include any occurrence perturbing the successful outcome of the mission, such as potential 
conflicts, weather cells, airspace or airport congestions, and system failures. Barnier and Allignol’s 
temporal classification of ATM operations provides a practical reference for this study, hence the 
adopted timespans are strategic, tactical and emergency [10]. Fig. 1 exemplifies the assumed 
timeframe definitions in line with our previous research [6, 7].  
 
Figure 1. Assumed timeframes for the offline and online air traffic operations. 
In the strategic timespan, the effect of uncertainties on a longer integration time causes a 
suboptimal estimation, but on the other hand the longer time available for calculation and decision-
making allows the adoption of more complex models and algorithms in a higher dimensional 
optimisation problem. In the tactical timespan, uncertainties cause minor effects, but a safe solution 
to the problem shall be attained in a very limited time, thus the involved models and decision logics 
and the overall problem dimensions are necessarily simpler and typically based on approximations 
and linearisations. The emergency phase is traditionally associated with the adoption of robust and 
faultless decision logics for aircraft safety. The boundaries between strategic, tactical and 
emergency are usually set as part of the problem formulation. However, there remains considerable 
uncertainty as to the exact delineation between strategic online and tactical online air traffic 
operations, and a distinction based on the type of action to be taken is recently prevailing [11]. In 
particular, strategic online operations are mostly consisting of tactical Air Traffic Flow 
Management (ATFM) actions, initiated by a flow manager before the flight enters the jurisdiction 
who will have to implement the measures, whereas tactical online operations can be assumed to 
occur within the current sector and therefore already responsibility of the jurisdiction controller. 
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Multi-Objective 4DT Optimisation Problem Formulation 
From an analytical perspective, the generalised trajectory optimisation problem can be expressed 
as [12, 13]: “Determine the states  ( )    , the controls  ( )    , the parameters     , the 
initial time      and the final time              , that optimise the performance indexes 
   [ (  )  (  )  ]  ∫  
  
  
[ ( )  ( )  ]    (1) 
subject to the dynamic constraints 
 ̇( )   [ ( )  ( )    ]  (2) 
to the path constraints 
      [ ( )  ( )    ]        (3) 
and to the boundary conditions 
      [ (  )  (  )  (  )  (  )  ]        (4) 
In order to introduce multi-objective optimality, it is necessary to adopt a technique for the pre-
determination of a unified performance index  , as in the a priori approach, or for the post-
processing of the results as in the a posteriori approach [14]. Since we are focussing on real-time 
optimisation algorithm, the weighted sum method, belonging to the category of a priori articulation 
of preferences, is adopted. The a priori approach is conceptually represented in Fig. 2. 
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Figure 2. Block diagram of multi-objective optimisation with a priori articulation of preferences. 
Gradient-based methods, typically associated with relatively quick computational performances, 
are usually employed to solve the Optimal Control Problem (OCP) in the a priori approach but their 
nonglobal convergence is a major drawback. The significant number of nonlinearities present in the 
models (aircraft dynamics, weather, etc.) give birth to multiple local minima in the cost functions. A 
promising solution lays in the adoption of a hybrid approach, with either a pattern search or an 
evolutionary algorithm performed as a first instance to determine the global convergence region, 
and subsequently a gradient based iteration to attain local optimality. Our current real-time 4DT 
optimisation algorithm is based on gradient-based iterations, as described in [6, 7], and a hybrid 
extension is being implemented, by introducing a preliminary discrete pattern search. The multi-
objective 4DT optimisation algorithm is conceptually represented in Fig. 3. All objectives and 
constraints shall be an integral part of the OCP formulation, in order to take advantage of the 
benefits guaranteed by the optimal control theory [13]. This last consideration substantially inhibits 
a pure black-box implementation. It is also useful to note that from a numerical perspective, it is 
convenient to supply the Jacobian matrix to the solver, whenever feasible, to prevent a complete 
recalculation at each iteration. 
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Figure 3. Block diagram of the multi-model 4DT optimisation algorithm. 
In line with the described OCP formulation, we adopt the following generalised expression of the 
cost function in Eq. 1 for penalties associated with the transit through a dynamic penalty volume: 
   ∑  ∫ [         ( ( )     ( )) ]
     
    
   (5) 
where: 
    = Performance/penalty index associated with the i
th
 objective; 
       = Penalty Factor associated to the i
th
 objective in the j
th
 penalty volume; 
 ( )  = Trajectory; 
  ( )  = j
th
 dynamic penalty volume. 
Eq. 5 is used, in the case of 4-PNV and NG-FMS, with suitable forms of the Airspace Model 
(ASM), Condensation Trails Model (CTM), Weather State Model (WSM) and Noise Emission 
Model (NEM), by setting the associated penalty factors to adequate values. In our 4-PNV and NG-
FMS algorithm implementation, the computation of the portion of trajectory inside the penalty 
volume (Eq. 5) is supported by the Geospatial Data Abstraction Library (GDAL/OGR). 
Simulation and Results 
The described optimisation models were successfully employed in the proposed 4-PNV and NG-
FMS systems. The assessment of 4DT intents generation, negotiation and validation algorithms is 
performed in worst-case air traffic operations. In particular, Terminal Manoeuvring Area (TMA) 
peak-hour traffic is assumed. The TMA is modelled as an airspace volume of parallelepiped shape 
with a square base area of 60 nm per side, floor set at 2000 ft and ceiling set at FL150. A single ILS 
approach procedure on a bearing of 160° is introduced, transiting traffic at various inbound/outbound 
altitudes and exit points, and departing traffic towards a selected exit point. The focus of this 
simulation test case is on the arrival sequencing problem in perturbed conditions: the single landing 
runway available implies that not all traffics can be cleared to overfly the merge-point at their 
originally intended time. In order to be adopted for both strategic online and tactical online contexts, 
with a reference time horizon of 10 minutes, it is assumed that the total duration of optimization, 
negotiation and validation processes must remain under 300 seconds. Trajectories are checked for 
conflicts in the lateral, vertical and longitudinal directions. The 4-PNV identifies the best arrival 
sequence among the available options. Aircraft types included in the simulation belong to the Airbus 
A320 family, with 3 degrees of freedom aircraft dynamics and initial weight between 48000 kg and 
60000 kg. The optimal intents calculated by each NG-FMS consists of 4D waypoints, in a number 
variable between 3 and 30, towards the exit points or towards a merge point – the ILS Approach Fix 
(IAF). Two 4DT intents are calculated for each traffic: an optimal trajectory for minimum fuel and 
an optimal trajectory for minimum time. Avoidance of the urban Noise Sensitive Area (NSA) is 
granted by the inclusion of the NEM outputs and Awakening Noise Thresholds (ANT) in the 
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computation. The merge-point, in particular, marks the beginning of the common approach leg, 
where longitudinal separation is required to ensure successful separation upon landing, and to 
prevent separation infringements in the approach phase itself. The common approach leg has been 
modelled as a typical ILS approach profile, starting at 9.5 nautical miles from the runway at 3000 
feet. The 4-PNV is capable of performing point-merge also further away from the approach, and on 
future steep final approach legs. After the initial intents have been stored in the 4-PNV, the point-
merge sequencing algorithm allocates the available time slots accordingly. The assumed minimum 
longitudinal separation is 4 nautical miles on the approach path for medium category aircraft 
approaching at 140 knots, therefore the generated time slots are characterized by a 90 seconds 
separation. Fig. 4 represents the results of one TMA point-merge simulation run. 
Initial position 
Allocated 
arrival 
S  38° 33' 15" 
E 144° 57' 30" 
6851 ft 
(1) 
152 s 
S  38° 33' 53" 
E 144° 58' 19" 
5125 ft 
(2) 
242 s 
S  38° 36' 37" 
E 144° 36' 58" 
8511 ft 
(3) 
332 s 
S  38° 30' 59" 
E 144° 33' 22" 
8328 ft 
(4) 
422 s 
S  38° 43'  8" 
E 144° 51'  2" 
8916 ft 
(5) 
512 s 
 
 
Figure 4. Results of 4DT intent generation, negotiation and validation in the TMA scenario. 
Conclusions and Future Work 
In this paper we presented the key features of the 4-Dimensional Trajectory (4DT) optimisation 
algorithms implemented in the CNS/ATM and Avionic (CNS+A) systems currently being 
researched, namely the ground-based 4-Dimensional Trajectory Planning, Negotiation and 
Validation (4-PNV) system and the airborne Next Generation Flight Management System (NG-
FMS) [6, 7]. The assumed timeframe convention for offline and online ATM operations is presented 
and discussed in some details. The overall layout of the multi-objective optimisation algorithm is 
presented and discussed. A generalised expression for the cost functions associated with penalty 
volumes is described. This expression is used with suitable forms of the Airspace Model (ASM), 
Condensation Trails Model (CTM), Weather State Model (WSM) and Noise Emission Model 
(NEM). Future publications will address the detailed derivation of the state equations associated with 
environmental and economic performance models. Simulation of worst-case scenarios is performed 
for validation purposes. The proposed 4-PNV/NG-FMS systems are capable to meet the stringent 
real-time computational requirements for tactical online rerouting operations. Future research will 
assess the NG-FMS 4DT intent generation and execution performance in perturbed conditions, based 
on different navigation architectures and in combination with Avionics-Based Integrity 
Augmentation strategies [15, 16]. Novel sensing techniques for aviation related pollutants and 
atmospheric boundary layer/wake turbulence, currently being researched, will provide valuable 
inputs for dynamic air traffic optimisation [17, 18]. 
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